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In the present study we demonstrate how the sensitive property of the constituent parts of silkworm 
silk fiber can be applied to the field of soft composite materials. It concerns the structural and 
intrinsic functional characteristics of silk vs. the macroscopic property and the realization of 
functional composites. Silk fiber reinforced silicone rubber (SR) composites have been fabricated 
with different fiber lengths. The key structural features of silk made of stiff nanocrystals, including 
hydrogen bonded β-strands and β-sheet nanocrystals, when embedded in a softer matrix 
demonstrate that the tensile strength as well as the tiffness of the composites are higher than those 
measured for SR reinforced with synthetic polyether-ether-ketone fibers. Moreover, the intrinsic 
luminescence of protein nanocrystals permits the dir ct observation of the deformation with 
accurate measurement of the strain in the composite. Based on the intrinsic properties of such 
natural hierarchical material, these findings will a ow to transfer the engineering of composite 
materials, particularly, soft functional composites, to a new applications ranging from strain 
measurements in biological tissue to monitoring tool in structural composites. 
 






















The unique mechanical properties, biocompatibility and adaptability in industrial processes of 
silkworm silk fibers have been integrated in bioengineering structures in which they serves as 
model of light-weight composites [1-5]. Silkworm cocoon is a by-product of a natural process to 
protect butterflies from environment and predators [6] and can be considered as a natural polymer 
composite consisting of continuous fibers with a length of about 1000 m and diameters of 10–30 
µm, which are glued together by sericin [7,8]. Removing the sericin with different degumming 
methods [9,10], silkworm silk could be used as natural fiber in the composite industry replacing 
glass and carbon fibers [11]. 
Silkworm silk fiber is a hierarchical material where hydrogen bonded β-strands, β-sheet 
nanocrystals, and a hetero-nanocomposite of stiff nanocrystals embedded in a softer semi-
amorphous phase assembles into macroscopic silk fibers. It follows that the large breaking stress of 
silkworm silk fibers can be explained according to the hierarchical structures of the crystal domain 
and network [12]. In view of their surprising strength, the utilization of silkworm silk fibers as 
reinforcement for polymer composites is gaining attention in different fields of applications [12]. 
Fiber reinforced composites are a class of materials of growing interests in multiple application 
such as areospace, biomaterials, and infrastructure. Th  common feature in all composites is the 
presence of an interphase. Many measurement techniques and measurement tools have been 
developed for the study of this crucial region in composite materials. The development of methods 
that permit the direct observation of the deformation during applied stress are needed and important 
in several fields of applications. 
For example, biological tissues such as skin, tendons and muscles are flexible and are subjected to 
large deformations under mechanical loading. Silkworm silk is known to be a biocompatible 
material with absence of toxicity and immunogenicity in biological environments, moreover, silk is 















orientation can be obtained by non-invasive fluorescent patterns [12,13]; in this regard, recently, 
silk fibroin, a protein core fiber extracted from the silkworm B. mori, and rhodamine pigment were 
dispersed in a polymer medium for monitoring the mechanical response of tissues [13]. Silk fibroin 
was also used in the replacement of polymers in existing electronic and photonic devices for 
biomedical purposes [14-16]. Moreover, on the basis of the mechanochromism phenomenon 
(consisting of colour changing of a material under m chanical stress) reported by Ito and co-worker 
[17], other authors have successfully visualized the strain distribution and crack generation through 
mechanoluminescence [18]. Thus, interfacing silk with luminescent dyes has also been proposed as 
potential tool for fundamental  studies  of  composite  interfacial  damage and as a structural 
monitoring  tool  when  used as fiber sensor for comp site structures [19].  
Thus, the step forward in this direction consists in the realization of fiber reinforced composite that 
uses only the intrinsic functional properties of the fibers to observe macroscopic behaviours such 
the strain under applied stress without the addition of fluorescent dyes. The realization of a silk 
fiber composite as strain-gauge at best of our knowledge is not reported elsewhere and is 
challenging because combines the stiffness of the silk fiber with the variation of the luminescence 
pattern of the β-sheet nanocrystals when stretched. 
In this work we produce silkworm silk fiber reinforced silicone rubber composites with different 
fiber lengths. We demonstrate that the stiffness and the tensile strength are superior to those 
measured for the analogous synthetic PEEK fiber reinforced composite and that the composite 
stiffness can be modelled starting from the well-know  Cox model [20]. Finally, using degummed 
silkworm silk fibers we propose the use of silicone rubber/silkworm silk fibers composite to 
fabricate an optical strain gauge by using the luminescent emission intensity of the silk fibers 

















Commercial B. mori organic cocoons for face cleaning were degummed in hot water with natural 
detergent to obtain silk strands. The degummed cocoons were washed in clean water and then dried 
in air. The fibers were collected by hand. Monofilament polyether-ether-ketone (PEEK) fibers 
kindly supplied by Zyex Ltd. (fiber diameter ~100 µm) were also used for comparison purposes. 
Degummed silk fibers (with an average diameter ~ 12 µm) and PEEK fibers were cut with lengths 
varying from 300 mm to 10 mm. 
For the morphological characterization, as received cocoons with a diameter of 3.5 mm as well as 
silk and PEEK fibers were glued onto a conducting carbon tape and sputter coated. The coated 
samples were observed with a field emission scanning microscopy. 
Cocoon strips with a width of 10 mm and length of 35 mm were cut in the direction of the long 
axis. Silk and PEEK fibers were mounted on paper frames with 65mm gauge length. The tensile 
properties of the fibers were measured using a universal tensile testing machine (Lloyd Instr. 
LR30K) with a 50 N static load cell with a speed of 1mm*min-1. Three samples were tested.  
Silk fibers were then characterized by FTIR-ATR, differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA). FTIR-ATR (Jasco FTIR 615) spectra were performed in the 
spectral region of 500 to 4000 cm−1. DSC  measurements  were  performed  with  a  Q200  (TA),  in  
the  temperature  range 25–250°C and with a heating rate of 10°C/min. TGA was performed in a SII 
TG/DTA 6300 (Seiko) in the temperature range of 25–800 °C with a ramp rate of 10°C/min and a 
nitrogen  flow. X-ray diffraction (XRD) experiments on unloaded and loaded silkworm silk fibers 
were conducted with an XRD diffractometer (Bruker) with a radiation source of Cu Kα and 
wavelength λ= 0.154 nm operating at 40 kV and 40 mA. The incidence angle (2θ) was fixed 















Crystal  liquid  rubber  (CRISTAL RUBBER purchased from PROCHIMA®, density 1.04 g/cm3) 
was  used for composite casting with a cold cure by pol -addition. Silkworm  silk  fibers and PEEK 
fiber reinforced  silicone rubbers  composites  have  been fabricated with different fiber length by 
liquid mixing; silk or/and PEEK fibers were dispersd in liquid silicone rubber (~1%wt.) through 
the utilization of a magnetic stirrer (500 rpm for 3 h) to facilitate their dispersion. Then, we add to 
the rubber 10wt% of PT-CURE catalyst (purchased from PROCHIMA®, density 1.04g/cm3). The 
poly-addition process  was completed in an aluminum mold for 24 h at room temperature. For the 
composite tensile tests, a static load cell of 500 N was used and the guage length was about 70 mm 
with a speed of 10 mm*min-1. Three samples for each composite were tested.  
The luminescence spectroscopy on the SR/silkworm silk fiber composites was performed using a 
300 W Xenon arc lamp as the source for monochromatic excitation radiation combined with a 
Cornerstone 260 monochromator. A short-pass filter was used in order to clean the source signal, 
with a cut-off frequency of 450 nm and a transmission coeffici nt of about 0% at 462 nm. The 
radiation emitted by the specimens was collected with a Cypher-H spectrometer, and analyzed with 
the BW-Spec software. The specimen was hold in order to have the excitation source perpendicular 
to the specimen surface. 
After performing a dark scan to set the zero for the spectrometer, a first scan of the monochromator 
output radiation, which was previously set at 450 nm, has been performed. In order to avoid any 
unwanted radiation above 450 nm, a second scan was performed by placing the short-pass filter 
between the monochromator and the spectrometer probe. The filtered signal has been used as 
excitation source for the whole test. In order to account for any possible contribution to the 
radiation shift, except the one of the silk, a scan of a pure silicon specimen was performed, with no 
significant emission shift. After placing the SR/silkworm silk fiber composite in place, the 
excitation source wavelength was lowered in steps of 5 nm, recording the specimen output with the 















the measure to minimize noise have been changed to acc unt for the low emission of the Xenon 
lamp in the shorter wavelengths. A dark scan has been performed every time one of the 
aforementioned parameter was changed, in order to reestablish the correct zero of the device. The 
luminescence intensity variation was monitored under mechanical loading by reaching the 
maximum value of the stretch ratio λmax (where λ = final length/initial length, or Lf/Li) and 
bringing the composite to the initial state from λ ax to 1. 
 
Results and discussion 
As received cocoons contain a single continuous silk strand (inset of Fig. 1a), which is deposited 
layer by layer in loops by the gyrating motion of the silkworm head; in each strand  of  silk,  two  
parallel fibers are glued together by a  gummy outer layer  of  sericin,  as  observed  by FESEM 
image in Fig. 1a. The resulting degummed silk mat consists of individual fibers with a mean 
diameter of about 12 µm (Fig. 1b).  Monofilament PEEK fiber morphology is also reported in Fig. 
1c for comparison purposes.   
FTIR-ATR spectrum obtained on degummed silk fiber mat (see supplementary data, Fig. S1), 
shows typical absorption bands at 1641 cm−1 and, 1632 cm−1, corresponding to amide I structural  
conformation [21]. Other absorption  bands  were  observed  at  1530  cm−1  (amide  II)  and  1237  
cm−1  (amide  III),  which  are characteristic of the silk random coil and β-helix conformation [21].  
The DSC thermograms for the degummed silk fibers (see supplementary data, Fig. S1) showed the 
endothermic peak  at 204.6 °C is attributed to the molecular motion within the α-helix crystals 
[22,23]. Thermal stability of the silk fibers was al o investigated by TGA analysis with the thermal 
degradation that appears at about 290°C, while the  initial  weight  loss,  below 100 °C, was due to 
















 Figure 1. FESEM pictures of (a) silkworm cocoon, (b) degummed silk fibers and (c) monofilament 
PEEK fiber. Inset: photos of (a) a silkworm cocoon, (b) the degummed silk mat and (c) 
monofilament PEEK fiber.    
The stress-strain behaviour of the silk cocoon has been investigated and compared with that of the 
silk fiber (Fig. 2) and the results were summarized in Table I. The tensile strength as well as the 
elastic modulus of the cocoons were found lower than t ose of the fiber; this is due to the fact that 
the elastic modulus controlled by the porosity [24,25]; this mechanism was investigated by Chen et 
al. [26] who proposed that the fibres sustain the load when the cocoon is stretched and the stress 
drops rapidly when the fibre bundles break. Thus, the weakness of the B. mori cocoons can be 
explained as a synergy effect between the high cocoon p rosity and weak interlayer bonding [26]. 
In view of this model, the observed stress independence behaviour with strains above 0.5% in Fig. 

















fibres unravel from the non-woven structure. For the silk fibers, we also found (see Fig. S3) that 
fibers taken from different parts of the mat gave different stress strain curves and that the 
mechanical characteristics differ from those obtained by Chen et al. [26] in terms of elongation at 
break. This could be attributed both to the difference of the fibres during the worm spinning and to 
the degumming process adopted [9]. Finally it should be observed that the silk fiber is stiffer than 
the PEEK fiber (Table I) being the deviation standard on the tensile strength more narrow for these 
synthetic fibers. 
 
Figure 2. Tensile behaviour of silkworm cocoon (red curve), degummed silk fiber (blue curve)  and 
monofilament PEEK fiber (black curve). 
The main factors affecting the elastic modulus and the strength of fiber reinforced polymer 
composites are the content, the stiffness, the length and the orientation of the fibers [27]. In the 
general rule of mixture used for the determination of the stiffness and the strength of the composites 
new factors have to be taken in consideration as the fibers that are not continuous and long thus the 
load transfer is determined by the length efficiency factor ηlE [20] and that the fibers are randomly 
oriented, so the orientation factor ηoE has also to be introduced [28]. The Cox – Krenchel model 
modifies the rule of mixture as it follows 















where Ec, Ef and Em are the Young’s modulus of the composite, fiber and matrix, respectively, f is 
the volume fraction fiber content (i. e. 0.6% see supplementary data) and  
ηlE= 1-tanh(β*l/2)/(β*l/2)        (2) 
whit β equal to 
β=(1/r)*(Em/Ef*(1-ν)*(ln(π/4f))^
1/2)       (3) 
where l is te fiber length, r is the fiber diameter and ν is the Poisson’s ratio of the matrix. 
The orientation factor, ηoE, as defined by Krenchel [29] is 1/5 for 3D randomly oriented fibers, 3/8 
for random 2D mat, 1/2 for bidirectional (0°-90°) fibers and 1 for fibers oriented along the 
stretching direction. 
Provided the values of the fiber and matrix stiffness (see Table I), the geometrical measurements of 
the fiber dimensions, the stiffness of SR/silkworm silk fibers composites is compared with that of 
technological SR/PEEK fibers composites as shown in Figs. 3a and 3b. From the stiffness 
modelling curves, the assumption of 3D random orientation factor results in a good agreement with 
the experimental data for both fiber reinforced comp sites without any best fitting procedure.  
Table I. Mechanical characteristics of the tested specimens. For the composites, the fiber length is 










SR 0.4 ± 0.04 1.2 ± 0.1 325 ± 32 1.95 ± 0.14 
Silkworm silk cocoon 2000 ± 500 8.0 ± 1.6 3.0 ± 0.5  0.12 ± 0.02 
Silkworm silk fiber 12000 ± 2400 278 ± 70 5.0 ± 0.7  6.8 ± 1.4 
SR/silkworm silk fibers (300 mm) 4.0 ± 1 2.0 ± 0.4 115 ± 34 1.15 ± 0.40 
SR/silkworm silk fibers (100 mm) 3.6 ± 0.8 1.5 ± 0.3 102 ± 31  0.77 ± 0.23 
SR/silkworm silk fibers (10 mm) 3.0 ± 0.8 0.8 ± 0.2 35 ± 8  0.14 ± 0.03 
PEEK fiber 3550 ± 355 371 ± 37 40 ± 4  74.2 ± 7.4 
SR/PEEK fibers (300 mm) 1.5 ± 0.4 1.6 ± 0.5 265 ± 53  2.12 ± 0.63 
SR/PEEK fibers (100 mm) 1.0 ± 0.3 1.6 ± 0.5 225 ± 45  1.80 ± 0.45 
















      
   
  
Figure 3. Tensile behaviour and modelling results of (a) SR/silkworm silk fiber composites and (b) 
SR/PEEK fiber composites vs different fiber length. No best-fitting parameters is considered in the 
comparison. 
Moreover, from a classical direct rule of mixture applied to the data reported in Tab. I, we found 
that the equivalent strength of the composite filled with 300 mm fiber length was ~ 2.8 MPa (Tab. 
SI); this is in good agreement with the measured tensil  strength of the silk fiber reinforced 
composite suggesting an efficient  stress  transfer across the interface from the matrix into the fiber 
[30].  
Silk fiber can be viewed as a semicrystalline nanocompositeswith ordered regions (β-sheet protein 

















of the protein nanocrystals are sensitive to the deformation in terms of order or orientation of these 
domains and thus can be used to determine the strain in the direction of the tensile stress; such 
optical approach has been adopted to characterize the polymer-fiber interface [19,31,32] where a 
pigment mixed with the silk fiber was used as fluorescent agent. Representative absorption and 
emission spectra, where the emitted light was detect d using an optical analyzer along the normal to 
the sample (see experimental setup in Fig. 4a), of SR/silkworm silk fiber composite are shown in 
Fig. 4b. The luminescence was measured by exciting the samples at 455 nm. It is known that the 
luminescence is dependent on surrounding environment, thus in order to exclude any contribution 
from the SR matrix, emission and absorption spectra of the neat matrix were also recorded and 
reported in the supplementary data section (Fig. S4). From these data we observe both that the SR 
matrix does not show any Raman shift at the excitation wavelength (i. e. the light is emitted at the 
same wavelength of the incident beam), and no absorption peak in the emission region of the silk 
was recorded. Thus we argue that the main contribution to the emission comes from the intrinsic 
structure of the silk proteins. The silk fibers aremade of proteins forming linear sequences that are 
packed in highly or less ordered crystal regions, i. e. the β-sheets, and can be described by two 
structural models: Silk I, consisting of β turn, and Silk II, consisting mostly of antiparallel β pleated 
sheets [33,34]. XRD analysis performed on the unstrained silkworm silk sample (Fig. S5) shows 
Bragg reflections near 2θ=9° and 20.6° which are the typical signature of native degummed silk 
with silk II structure [35]. The diffraction pattern egistered on the strained sample (Fig. S5) showed 
the same features indicating that the crystalline spacing of the β-sheets was not altered by the tensile 
load.  
The emission spectra recorded on silkworm silk fiber and silk composite (Figs. 4c and 4d) illustrate 
some of the characteristic spectral lines of silk fibroin reported by Kaplan et al. [36,37] that it was 
demonstrated to be sensitive to the β-sheet content. Tensile deformation of silk fibers involves a 















al. [38], leading to a luminescence intensity ratio change  with increasing the strain on the sample as 
reported in Figs. 4c and 4d. The luminescence variation could be attributed to the disentanglement 
of the silk fibers with the strain thus reducing the scattering cross section. This effect has been taken 
into account by repeating the luminescence on rubber composites fabricated with oriented silk fiber 
(Fig. S2). We did not observe any emission difference with respect to the random morphology.  
The silkworm silk fibers embedded onto the SR matrix emitted a blu light under UV excitation [39] 
(Fig. 4e), however, the SR matrix remained transparent due to the weak UV excitation of SR. Such 
different luminescent features between the matrix and the silk fibers significantly improved image 
resolution for stress transfer visualization (Fig. 4e). In particular, Figure 4e shows the visualization 
of the silk fibers under UV excitation in response to mechanical strain. Prior to the application of 
tensile deformation, intrinsic fiber luminescence is visible; during the strain (i. e. ε = 0.50 and 0.70), 




































       
Figure 4. (a) Set-up for luminescence spectra measurement. The inset shows the photograph of 
luminescent silk mat under UV irradiation. (b) Emission and absorption spectra of SR/silkworm silk 
fiber composite. (c) Emission spectra of silkworm silk fibers acquired at an excitation of 632 nm 
and luminescence intensity ratios of silkworm silk fibers at different strains. (d) Emission spectra of 
silk fiber composite acquired at an excitation of 455 nm and luminescence intensity ratios of silk 
fiber composite at different strains. (e) The mechanic l test and luminescence visualization of stress 
transfer. Snapshots taken during the uniaxial tensil  test on the SR/silkworm silk fiber composite. 
Rupture event is highlighted by the arrows. 
The deformation process was recorded using a tensile machine with a constant strain rate as 
reported in Fig. 5. The applied strain read from the tensile machine agreed with the strain obtained 
from direct measurements of the luminescence intensity ratio of the varying distances (Figs. 5a and 
5b). Looking at the luminescence pattern, both samples had a uniform deformation that varies 
linearly at small strains according to the strain measured by the machine. Deviation from this linear 
behaviour at larger strain was observed and it could be due to sliding from the grips that happen to 
any stretchable soft polymeric material under tensil  tests. Further, the dependence of the sample 
emission was then recorded under mechanical loading (Fig. 5c). As the silk composite was 
stretched, the normalized luminescence intensity ratio was found to decrease with the 
e) 















deformation, reaching a minimum value at λmax (i. e. 2.16). Subsequently, as the specimen was 
brought to the initial state from λmax to 1, the emission intensity regained the initial v ues, 




Figure 5. Luminescence intensity ratio as a function of time compared against the applied 
deformation by tensile machine for (a) silkworm silk fiber and (b) SR/silkworm silk fiber 
composite. (c) Variations of the luminescence intensity ratio to initial value of SR/silkworm silk 
fiber composite through the stretching cycles from λ=1 to λmax=2.16, then returned to a relaxed 



















Insertion of silkworm silk fibers in a stretchable rubbery matrix was found to be a powerful, yet 
simple system  for predicting the composite stiffness and probing the strain with luminescent 
emission of the silk patterns in the composite. The advantages of this system include the 
commercial availability of the  fibers, silkworm silk, and the simple composite casting method by 
polyaddition of commercial silicone rubber. The degummed silk strands were found stiffer than 
monofilament PEEK fibers. Using the luminescence pattern of silk fibers materials we realize an 
optical strain gauge. We show that such a strain gauge can measure the deformation by using the 
intensity ratio of the emission spectra and our measurements reflect the material deformation 
measured by universal tensile machine. We expect our results can be extended to obtain strain 
sensors to monitor the nonlinear constitutive laws of polymeric with real-time measurements. 
Moreover, these silk based strain gauges would havethe potential for in situ strain measurements of 
soft tissues, which might be used to characterize the biomechanical function of biological tissues. 
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